Hydrometer measurement in globulin and IgGl concentration measured by the radial immunodiffusion technique were compared for 915 samples of first milking colostrum from Holstein cows. Least squares analysis of the relationship between hydrometer measurement and IgGl concentration was improved by log transformation of IgGl concentration and resulted in a significant linear relationship between hydrometer measurement and loglo IgGl concentration; 9 = .469.
INTRODUCTION
The importance of colostral Ig absorption by the neonatal calf in establishing passive immunity is well documented (1, 3, 8) . Ingestion of a minimum of 100 g of Ig is recommended for adequate passive immunity (2, 6). In bovine colostrum, IgCl accounts for approximately 80% of the total globulin concentration and is the predominant Ig absorbed from the calf's intestine to the systemic circulation during the first 24 h postpartum (3) .
Holstein calves fed colostrum with an esophageal feeder or nipple bottle have a lower prevalence of failure of passive transfer of IgGl than naturally suckled calves (2). However, the artificially fed calf ingests adequate Ig only if the concentration of Ig in the colostrum is sufficient in the volume consumed. In 1980, Fleenor and Stott (4) described a hydrometer test to estimate Ig concentration in bovine colostrum from the specific gravity of fiesh whole colostrum. The hydrometer is calibrated in globulin concentration at intervals of 5 mgml from 0 to 180 mg/ml, displayed with three color-coded quality regions: poor (red) for <22 mg/ml, moderate (yellow) for 22 to 50 mg/ml, and excellent (green) for >50 mg/ ml .
The objective of this study was to compare IgGl concentrations measured in the laboratory by the single radial immunodiffusion (SRID) technique with hydrometer readings in globulin (METER) taken on the farm and to evaluate the sensitivity, specificity, and negative predictive value of the hydrometer as a test for IgGl concentration in Holstein colostrum.
MATERIALS AND METHODS

Sample and Data Collection
From September 1983 to January 1988,915 samples of first milking colostrum were obtained fiom Holstein cows on a single dairy farm in central Washington. Colostrum management, sample collection, and data were recorded as previously described (1 1). Briefly, the newborn calf was removed from the dam prior to any nursing and fed 2.84 L (3 qt) of stored colostrum with an esophageal feeder. The first milking colostrum of the dam was machine-milked, weighed, and stored for feeding the next calf born. In addition, colostrum globulin concentrations were measured with a commercially available hydrometer (Nasco, Fort Atkinson, WI) calibrated in globulin concentration in intervals of 5 mg of globulidml of colostrum. After the first milking colostrum was weighed, the bucket of colostrum was equilibrated to room temperature (18 to 22'C) for 6 to 8 h before a hydrometer was floated in the bucket and the globulin concentration recorded. Approximately 25 ml of colostrum sampled from the bucket were stored in a 30-ml polypropylene bottle at -20'C until analyzed for IgGl concentration.
Ig Analysis
Colostrum IgGl concentrations, expressed in milligrams of IgGl per milliliter of colostrum, were determined by results of the SRID of Heenor and Stott (9, which was modified as previously described (11) .
Statistical Analysis
The data were analyzed initially by least squares linear regression (12). Estimates of the relationship between SRID and METER were calculated; SRID was the dependent variable, and METER was the regressor variable.
Logarithmic transformation of SRID helped to linearize the sample data and improved the measured relationship between SRID and ME-TER (12).
To calculate sensitivity, specificity, and predictive value of the hydrometer as a test of IgGl concentration, two-way frequency tables were constructed (13) . For these calculations, METER was considered to be the diagnostic test value, and SRID was considered to be the true value. A globulin concentration of 50 mgl ml, which is the cutoff point between moderate (yellow region) and excellent (green region) on the hydrometer scale, was used to classify colostrum into one of two groups: low METER (40 mglml) or high METER (250 mglml). Because 80% of the total globulin 
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Sensitivity was defined as the probability that a colostrum with an IgGl concentration of c40 mglml would be classified as low by the hydrometer. Sensitivity was calculated as the number of colostrums classified as low by METER and SRID divided by the total number of low colostrums by SRID: a/(a + c) x 100.
Specificity was defined as the probability that colostrum with an IgGl concentration 240 mgl ml would be classified as high by the hydrometer and was calculated as the number of colos- Table 1) .
For artificially fed calves, the volume of the colostrum fed is as important as the IgGl concentration of the colostrum to ensure that 100 g of Ig are ingested by the newborn calf (2). A more practical approach to evaluate the hydrometer is to access the ability to discriminate between low and high colostrum, given the fixed feeding volume administered on the farm. During the study, the dairy farmer routinely fed each newborn calf 2.84 L of colostrum with an esophageal feeder. A colostrum must have a minimum IgGl concentration of 35.2 mg/ml to provide 100 g of IgGl in 2.84 L. Similarly, for feedings of 1.89 L (2 qt) or 3.78 L (4 qt), the minimum IgGl concentrations were 52.9 and 26.5 mg/ml, respectively. These IgGl concentrations were used as the SRID cutoff point to compute the sensitivity, specificity, and PV-of the hydrometer test for each of the three fixed feeding volumes.
To determine optimal hydrometer cutoff points, misclassification costs were calculated using the formula:
where j is a hydrometer cutoff point, c is the number of false high colostrum at and above cutoff j, b is the number of false low colostrum below cutoff j, $h is the misclassification cost of false high colostrum, and $1 is the misclassification cost of false low colostrum. Rather than assign actual costs of misclassification, relative costs were assigned to the relationship $&$I as 1:1, 2 1 , and 3:l.
Hydrometer cutoff points determined by this procedure were then used as the METER value to compute the cost optimized sensitivity, specificity, and PV-of the hydrometer test.
RESULTS
The frequency distribution of METER appeared to be normally distributed; mean globulin reading was 82.1 mg/ml, and standard deviation was 30.6 mg/ml (Figure l ) . This result was in contrast to the frequency distribution of SRID, which was slightly skewed to the right, for the same sample (Figure 2) . The mean IgGl concentration was 48.1 mg/ml, and the standard deviation was 21.9 mg/ml.
The linear relationship between METER and loglo SRID was significant (Table 2); 
This relationship is shown in Figure 3 . The equation fitted a curve with IgGl concentrations much lower than those predicted by the hydrometer.
For the cutoff points of METER and SRID described previously, 12% of the colostrum had globulin concentrations 4 0 mg/ml measured by METER, and 40% of the colostrum had IgGl concentrations <40 mg/ml measured Table 3 ). The optimal cutoffs for the 1.89, 2.84, and 3.78-L feeding volumes are summarized in Table 4 .
DISCUSSION
The distribution of Holstein colostral IgGl concentrations in this sample was similar to distributions reported for other Holstein dairy farms (2). Because the volume of colostrum fed to each calf on this farm was fixed at 2.84 L, the concentration of IgGl in the colostrum was the critical variable to control to ensure that adequate Ig (>IO0 g) was presented to the newborn calf. Approximately 29% of the colostrum on this dairy was low IgGl colostrum (<35.2 mg/ml); therefore, any method of selecting against the low colostrum would presumably improve chances for adequate passive transfer.
Fleenor and Stott (4) calibrated the hydrometer based on a linear relationship between colostral globulin concentration and colostral specific gravity for 29 postpartum colostrums with an r2 of .699. The relationship measured in our study was neither linear nor as well correlated as that reported by Fleenor and Stott (4). In our sample, variation in SRID increased as METER increased. The log transformation of SRID improved the fit of the curve and increased the amount of variation in SRID explained by METER (9 = .469). A recent study by Mechor et al. (10) reported a significant effect of temperature of the colostrum on hydrometer measurements. Although the colostrum temperatures were not measured in the present study, the hydrometer readings were consistently taken on fresh 1The relative cost of misclassification is defined as the cost of accepting and feeding false high colostrum to the cost of rejecting and discarding false low colostrum ($h: ]The relative cost of misclassification is defined as the cost of accepting and feeding false high colostrum to the cost of rejecting and discarding false low colostrum ($h:
colostrum equilibrated to room temperature (18 to 22'C) for 6 to 8 h, which reflect farm conditions under which the hydrometer was intended for use. In our study, the recommended globulin cutoff point of 50 mg/ml for classifying colostrum with IgGl concentrations c40 mdml or 240 mg/ml was unsatisfactory because of very low sensitivity. Mechor et al. (9) also demonstrated that values measured by the hydrometer overestimated IgG content. However, given the 2.84-L feeding volume used by the dairy in the present study, determining the ability of the hydrometer to classify colostrum with IgGl concentrations <35.2 mg/ml or 235.2 mg/ml was considered to be a fairer assessment of the test. At the recommended METER = 50 mg/ml cutoff, the test has a specificity of 97% and a slightly improved sensitivity of 32% for correctly classifying colostrum with IgGl concentrations <35.2 mg/ml or 235.2 mg/ml. The low sensitivity in both of these cases indicated that more false high colostrum was accepted than false low colostrum rejected.
Failure of passive transfer increases morbidity and mortality in neonatal calves (1, 7, 8 ). Therefore, accepting and feeding false high colostrum can be viewed as worse than discarding false low colostrum. Given the tradeoff between sensitivity and specificity based on the cutoff point chosen, 97% specificity and 32% sensitivity were likely not optimized for cost. Our computations confmed this supposition, showing that the optimal METER cutoff point is between globulin concentrations of 60 and 85 mg/ml for a 2.84-L feeding, depending on the relative costs assigned to false highs and false lows (Figure 4) . The higher relative cost assigned to false high colostrum was based on the assumption that feeding a calf colostrum with low IgGl concentration is a more costly mistake than falsely discarding colostrum with high IgGl concentration. The abundant production of first milking colostrum for Holstein cows [8.5-kg average for this farm (ll)] allows a higher METER cutoff point, which improves the sensitivity and PV-of the hydrometer test while maintaining a sufficient supply of colostrum for the first 2.84-L feeding of calves ( Table 3) .
A 2-L feeding volume has been recommended for first colostral feedings of newborn calves (14), and commercially available nipple bottles (Nasco) designed for calf feeding hold 1.89 L. A feeding of 1.89 L of colostrum must contain a minimum IgGl concentration of 52.9 mg/ml to provide 100 g of IgG1. Using this cutoff for the classification of Holstein colostrum as SRID = low or high in the two-way frequency table and misclassification cost calculations (see Materials and Methods), the METER cutoff point must be increased to a globulin concentration of 110 mg/ml to minimize misclassification with a relative cost of 1: 1 (Table 4 ). The PV-of the hydrometer is increased from 37% for the 50 mg/ml cutoff to 75% for the 100 mg/ml cutoff point; however, less than 20% of the colostrum in this sample would be acceptable for this feeding volume (Figure 1) .
In contrast, a 3.78-L feeding regimen allows a much lower SRID cutoff point because colostrum with an IgGl concentration 126.5 mg/ml provides adequate Ig mass. For this SRID cutoff, a METER cutoff point of 45 mg/ ml minimizes misclassification with a relative cost of 1 : 1 (Table 4 ). The PV-of the hydrometer is 91% for the cutoff point of 45 mg/ml, and 89% of the colostrum would be acceptable. However, selection based on METER only slightly improves the chances of acceptable colostrum because 86% of colostrum samples on this dairy have IgGl concentrations 226 mg/ml (Figure 2) . The study farm now routinely feeds 3.78 L of first milking colostrum with an esophageal feeder as soon as possible after birth. To date, no adverse effects of this feeding regimen have been noted.
The exact ratio of costs of misclassifying colostrum is debatable. Other factors in addition to adequate passive immunity influence neonatal calf morbidity and mortality (1) . However, even if the relative misclassification cost is 1:1, with the distribution of colostral IgGl concentrations seen on this and other Holstein dairies (2), the hydrometer cutoff point must be increased above a globulin concentration of 50 mg/ml to minimize the cost of misclassification for 1.89 or 2.84-L feeding volumes. Alternatively, a 3.78-L feeding regimen alone could improve chances of providing adequate IgGl mass with little improvement from selection by METER.
CONCLUSIONS
This study was conducted on a commercial dairy farm under the conditions intended for hydrometer use. Forty-seven percent of the variation in Holstein colostral IgGl concentration can be explained by METER. By increasing the METER cutoff point above the recommended globulin concentration of 50 mg/ml, the calf feeder will improve the PV-of the hydrometer test and minimize the cost of misclassification.
